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The in-plane coefficient of thermal expansion (CTE) for CdSe nanoplatelets with the zinc-blende
structure containing from two to five monolayers is calculated from first principles within the quasi-
harmonic approximation. A comparison of the obtained results with those for bulk CdSe with both
the zinc-blende and wurtzite structures finds a significant increase in the magnitude of negative
CTE and the temperature range of its observation in nanoplatelets. The main contribution to the
negative thermal expansion in CdSe nanoplatelets is given by the out-of-plane flexural ZA mode
and in-plane optical E modes that arise from the folding of TA phonon of bulk CdSe.
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I. INTRODUCTION
The physical properties of nanoplatelets are qualita-
tively different from those of bulk materials. In addi-
tion to the well-known size effect in semiconductors, the
quasi-2D character of nanoplatelets results in changes of
their vibrational spectra and associated physical proper-
ties (sound velocity, heat capacity, thermal conductivity,
infrared absorption, etc.) as well as in more subtle ef-
fects associated with electron-phonon interaction, such
as the temperature dependence of the forbidden band
gap. Numerous experiments have shown that the temper-
ature dependence of the forbidden band gap in nanoscale
semiconductors depend on the size of nanoparticles1–3 as
well as on their shape.4 Since one of the contributions to
this dependence results from the thermal expansion, the
study of this effect in nanoplatelets is an actual problem.
The nanoparticles of cadmium chalcogenides, and in
particular CdSe, have attracted considerable attention
due to their unique optical properties which can be con-
trolled by the size effect or by creating nanoheterostruc-
tures. These properties are promising for various ap-
plications in nano- and optoelectronics (see Ref. 5 and
references therein). It is known that the thermodynam-
ically stable modification of bulk CdSe is the hexago-
nal wurtzite structure. However, CdSe can exist in a
metastable cubic zinc-blende (sphalerite) structure. Due
to this metastability, the experimental data on the prop-
erties of zinc-blende CdSe are limited. In particular, the
thermal expansion was studied only for the hexagonal
CdSe6 (see also the preliminary data in Refs. 7 and 8).
At low temperature, this phase exhibits a negative ther-
mal expansion.9 CdSe nanoplatelets, depending on the
preparation conditions, can be obtained in both the zinc-
blende and wurtzite modifications.10,11
Theoretical calculations of the thermal expansion in
bulk CdSe with wurtzite12 and zinc-blende12,13 struc-
tures were performed earlier using the quasiharmonic De-
bye model. These calculations, however, can hardly be
considered as reliable since the existence of the optical
vibrations was neglected in them, and the anisotropy of
the crystal structure was not taken into account when
calculating the properties of hexagonal CdSe.
In this work, the temperature dependence of the in-
plane coefficient of thermal expansion (CTE) for CdSe
nanoplatelets with the zinc-blende structure and a thick-
ness from two to five monolayers (ML) as well as for bulk
CdSe crystals with both the zinc-blende and wurtzite
structures are calculated from first principles within the
quasiharmonic approximation. The influence on the
thermal expansion of the F, Cl, and Br terminating
atoms, which are used to compensate for an extra charge
produced by an extra Cd layer on the surface of the
nanoplatelets, was also studied. So far, the thermal
expansion of quasi-2D structures was investigated us-
ing this technique for graphene,14–17 hexagonal BN,15,17
transition metal dichalcogenides,15,18,19 black and blue
phosphorene,20–22 silicene,21 and germanene.21 Molecu-
lar dynamics is another technique that was used to study
the thermal expansion in quasi-2D carbon nanostruc-
tures23–25 and BN.26
II. QUASIHARMONIC APPROXIMATION
The thermal vibrations of atoms in solids are not
strictly harmonic. The nonlinear dependence of inter-
atomic forces on the interatomic distances results in the
appearance of anharmonicity, the interaction of differ-
ent vibrational modes, and the thermal expansion of a
solid. Rigorous treatment of the anharmonicity requires
the use of molecular dynamics with quantum-mechanical
calculation of forces acting on atoms, but often a fairly
good estimate of the thermodynamic properties can be
obtained using the quasiharmonic approximation (QHA).
The QHA assumes that, when the temperature is var-
ied, the individual vibrational modes remain indepen-
dent and harmonic, and the anharmonicity effects can
be taken into account via the dependence of phonon fre-
quencies ωj on the unit cell volume V0. As in ordinary
thermodynamics, in this approach all the details of the
microscopic interactions between atoms are hidden and
only the consequences of these interactions (thermal ex-
pansion, changes in vibrational frequencies, etc.) are con-
sidered by expressing them using thermodynamic param-
eters. This enables one to predict the macroscopic prop-
erties of solids at the thermodynamic level, using such
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2concepts as temperature T , pressure P , free energy F ,
volume V , etc., but remaining strictly based on first-
principles calculations of phonon frequencies.
In the QHA, the free energy of a crystal unit cell is
a sum of its total energy Etot calculated using the den-
sity functional theory and the free energy of a system of
noninteracting harmonic oscillators Fvib:
F (V0, T ) = Etot(V0) + Fvib(V0, T ), (1)
Fvib(V0, T ) =
1
Nq
∑
jq
[
h¯ωjq
2
+ kT ln
(
1− e−h¯ωjq/kT
)]
.
(2)
Here the sum runs over all phonon branches j and all
wave vectors q of the Brillouin zone; Nq is the number
of different wave vectors.
At T 6= 0, the thermodynamic equilibrium is reached at
a volume V0(T ) satisfying the condition ∂F (V0, T )/∂V0 =
0. Taking into account Eq. (1), this condition can be
rewritten as
∂F (V0, T )
∂V0
=
dEtot(V0)
dV0
+
∂Fvib(V0, T )
∂V0
= −P (V0)− Pvib(V0, T ) = 0,
(3)
i.e. the thermodynamic equilibrium is reached at
P (V0) = ∂Fvib(V0, T )/∂V0. This enables one to calcu-
late the V0(T ) dependence and find the CTE.
In anisotropic crystals whose symmetry is lower than
the cubic one, the volume and derivatives with respect to
volume are not correct thermodynamic parameters. In
this case, an approach can be used in which independent
lattice parameters are used instead of the volume (see,
for example, Ref. 27). In this work, the strain tensor uij
and the stress tensor σij = −(1/V0)∂Fvib/∂uij are used
as parameters describing the deformation effects.
III. CALCULATION DETAILS
The calculations presented in this work were performed
within the plane-wave density functional theory using
the ABINIT software package. The local density approxi-
mation (LDA) and optimized norm-conserving separable
pseudopotentials constructed using the RRKJ scheme28
were used in the calculations.29 The cutoff energy was
30 Ha (816 eV); the integration over the Brillouin zone
was carried out using 8×8×8 and 8×8×6 Monkhorst–
Pack meshes for cubic and hexagonal crystals, respec-
tively. When modeling nanoplatelets, the 8×8×1 mesh
was used. The relaxation of the unit cell parameters
and atomic positions was carried out until the forces act-
ing on the atoms became less than 2 · 10−6 Ha/Bohr
(0.1 meV/A˚). The accuracy of calculating the total en-
ergy was better than 10−10 Ha.
To calculate the volume dependence of the elec-
tronic contribution Etot(V ) for bulk zinc-blende CdSe
[Fig. 1(a)], we first determined the equilibrium lattice
parameter a0 and the dependence of a mechanical stress
σxx = σyy = σzz in the unit cell as a function of its
isotropic strain uxx = uyy = uzz = (a − a0)/a0, which
was varied from −0.01 to 0.01 in steps of 0.005. When
calculating the stress in the unit cell, we used the abil-
ity of the ABINIT program to calculate the stress tensor
using the density functional perturbation theory.30 The
obtained data were then used to calculate the coefficients
in the quadratic approximation uxx ≈ c1σxx+c2σ2xx. Af-
ter that, for uxx = −0.01, 0, and 0.01, the exact val-
ues of phonon frequencies were calculated on the 4×4×4
mesh of wave vectors (64 q values, eight irreducible points
in the Brillouin zone). Using the anaddb program, the
phonon frequencies were interpolated on the 64×64×64
mesh, and the vibrational contribution to the free energy
Fvib(uxx;T ) was calculated in the temperature range
of T = 5–1000 K in steps of 5 K. For each tempera-
ture, the obtained values of Fvib(uxx;T ) were approx-
imated by a parabola, the coefficients of its derivative
[σvib ≡ −(1/V0)∂Fvib/∂uxx ≈ A + Buxx] were calcu-
lated, and finally the uxx values, which are solutions of a
system of two nonlinear equations, σxx = −A−Buxx and
uxx = c1σxx+ c2σ
2
xx, were determined. We note that the
calculated value of ∂Fvib/∂uxx is three times larger than
the true value because the strain was applied three times
(uxx = uyy = uzz) when calculating Fvib. The derivative
duxx/dT is the coefficient of linear thermal expansion
α(T ) of cubic CdSe.
For bulk CdSe with the wurtzite structure [Fig. 1(b)],
the calculation scheme was similar. After the equilib-
rium lattice parameters (a0, c0) were found, the inter-
nal stresses σxx and σzz were calculated for 13 pairs of
(uxx,uzz) values, namely (0; 0), (±0.01; 0), (0;±0.01),
(±0.005;±0.005), and (±0.0025;±0.0025). For each
strain, the value of the z parameter describing the rel-
ative shift of two hexagonal sublattices in the wurtzite
structure was carefully optimized. The obtained data
were then approximated by formulas
uxx ≈ c1σxx + c2σ2xx + c3σzz + c4σ2zz + c5σxxσzz,
uzz ≈ d1σxx + d2σ2xx + d3σzz + d4σ2zz + d5σxxσzz.
(4)
The free energy Fvib(uxx, uzz;T ) was calculated for the
same (uxx,uzz) pairs in the temperature range of T = 5–
1000 K in steps of 5 K. For each temperature, by approx-
imating the obtained values of Fvib by a quadratic form
Fvib ≈ e0 + e1uxx + e2u2xx + e3uzz + e4u2zz + e5uxxuzz,
the derivatives σxx = −(1/V0)∂Fvib/∂uxx and σzz =
−(1/V0)∂Fvib/∂uzz were calculated. After that, taking
into account Eq. (4), a system of nonlinear equations was
solved and the values of uxx and uzz for each T were cal-
culated. Their derivatives with respect to temperature
are the coefficients of linear thermal expansion αxx(T )
and αzz(T ) of hexagonal CdSe.
CdSe nanoplatelets studied in this work were the [001]-
oriented zinc-blende platelets with a thickness from two
to five monolayers, both surfaces of which were termi-
nated with cadmium atoms [Fig. 1(c)]. In order to com-
pensate for an extra charge produced by an extra Cd
3FIG. 1. Structure of bulk CdSe with (a) zinc-blende and (b)
wurtzite structure and (c) the structure of CdSe nanoplatelet
with a thickness of 4 ML.
layer, the simplest way of charge compensation using F,
Cl, or Br terminating atoms was considered. The mod-
eling of the nanoplatelets was carried out on supercells
to which a vacuum gap of 20 A˚ was added to consider
nanoplatelets as noninteracting. The symmetry of super-
cells is described by the tetragonal P 4¯m2 space group. In
Ref. 5 it was shown that the most energetically favorable
position of terminating atoms is the bridge position, in
which the atoms enter the positions of missing Se atoms.
For these nanoplatelets, the σxx(uxx) curves and
phonon spectra were calculated for biaxial strains uxx =
uyy equal to 0, ±0.01, and ±0.02, with full relax-
ation of all atomic positions for each strain. The ex-
act phonon frequencies calculated on the 8×8×1 mesh
of wave vectors q were then used to calculate the free
energy Fvib(uxx) on the 64×64×8 mesh of interpolated
frequencies.
IV. THERMAL EXPANSION OF BULK CDSE
The calculated temperature dependence of CTE for
bulk CdSe with zinc-blende and wurtzite structures as
well as the available experimental data for hexagonal
CdSe6 are shown in Fig. 2. It is seen that the calcu-
lated curves are in reasonable agreement with the exper-
iment. A discrepancy in the behavior of the curves should
not be considered negatively as an ideal agreement of
the curves can hardly be expected for the used approx-
imation. A higher CTE along the a axis for hexagonal
CdSe is characteristic of other semiconductors with the
wurtzite structure.6 The CTE curve for the cubic CdSe is
located between two curves for the hexagonal structure.
An interesting feature of the obtained curves is the
negative thermal expansion at low temperatures. This
effect is well known in semiconductors with diamond,
FIG. 2. Coefficient of linear thermal expansion for bulk CdSe
crystals with zinc-blende and wurtzite structures. The points
are experimental data for hexagonal CdSe.6
zinc-blende, and wurtzite structures.31–34 By differenti-
ating Eq. (1) first with respect to volume and then with
respect to temperature, the linear CTE of a crystal can
be written as
α =
A0
V0
1
Nq
∑
jq
γjq h¯ωjq
d
dT
(
1
eh¯ωjq/kT − 1
)
=
A0
V0
k
Nq
∑
jq
γjq
(h¯ωjq/kT )
2
2[cosh(h¯ωjq/kT )− 1] ,
(5)
where γjq = −d lnωjq/d lnV0 is the Gru¨neisen parame-
ter for mode j with the wave vector q and A0 = 1/(3B0),
where B0 is the bulk modulus. From this formula it fol-
lows that for a negative thermal expansion to appear,
it is necessary that some modes have a negative sign
of γ. For most modes in crystals, the interatomic forces
weaken when the lattice is stretched, and therefore the
Gru¨neisen parameters for them are positive. An analysis
of the volume dependence of the frequencies of different
modes in zinc-blende semiconductors found negative γ
parameters for transverse acoustic (TA) phonons near
the X and L points of the Brillouin zone.35 This effect
was explained by the influence of the strain on the mag-
nitude of restoring forces that act on the atoms oscillat-
ing in a direction perpendicular to the direction of the
chemical bond. The mechanism of the negative thermal
expansion in wurtzite semiconductors is similar to that
proposed for zinc-blende semiconductors; however, the
negative Gru¨neisen parameter in the wurtzite structure
may also appear for TO modes and even LA mode.36
4FIG. 3. Phonon spectra of 3 ML CdSe nanoplatelet ter-
minated with F atoms (black lines) and bulk CdSe (red
lines). Blue lines show acoustic-like E modes with a nega-
tive Gru¨neisen parameter and green lines show surface modes
with a negative Gru¨neisen parameter.
V. PHONON SPECTRA AND THERMAL
EXPANSION OF CDSE NANOPLATELETS
The phonon spectrum of a typical quasi-two-
dimensional F-terminated CdSe nanoplatelet with the
zinc-blende structure is shown in Fig. 3.37 The two-
dimensional character of the phonon spectrum is con-
firmed by the absence of a dispersion of the phonon
modes in the qz direction normal to the plane of the
nanoplatelet.
A detailed analysis of phonon spectra of CdSe
nanoplatelets was carried out in Ref. 37. It was shown
that the phonon spectrum of a CdSe nanoplatelet with
a thickness of n ML consists of three types of optical
modes: n symmetric quasi-Lamb A1 modes, n antisym-
metric quasi-Lamb B2 modes (in both modes the atomic
displacements are out-of-plane), and 2n modes of sym-
metry E with the in-plane atomic displacements. Almost
all optical modes have a mixed acoustic+optic character.
The lower-energy part of these modes has an acoustic-like
displacement pattern, whereas the higher-energy part has
an optic-like one. The acoustic vibrations are presented
by one LA and one TA phonons, in which the atoms
move in the plane of the nanoplatelet, and the flexural
B2 mode (ZA mode), in which the atoms move in the
out-of-plane direction. Terminating atoms produce six
surface modes. The specific feature of the phonon spec-
trum of nanoplatelets is a large number of modes that
arise from the folding of acoustic and optical modes of
bulk CdSe, as was demonstrated by the mode projection
analysis.
Calculations of the thermal expansion of nanoplatelets
reveal the appearance of a large negative in-plane CTE
which appreciably exceeds its magnitude in bulk CdSe
(compare Figs. 2 and 4). The reasons for this may be an
increase in the negative values of γ for some modes and
an increase in the number of modes with negative γ (a
FIG. 4. Coefficient of linear thermal expansion of F-
terminated CdSe nanoplatelets with a thickness from 2 ML
to 5 ML and for 3 ML nanoplatelets terminated with F, Cl,
and Br atoms.
FIG. 5. Normalized phonon density of states for F-terminated
CdSe nanoplatelets with a thickness from 2 ML to 5 ML and
for bulk CdSe.
change in the phonon density of states).
We consider first a possible change in the phonon den-
sity of states (DOS). The phonon DOS calculated for
CdSe nanoplatelets and bulk CdSe are shown in Fig. 5.
Four regions with frequency ranges of 0–70, 70–160, 160–
260, and 260–400 cm−1 are clearly seen in the figure.
They correspond to regions with a predominant contri-
bution of acoustic (ZA, TA, LA) phonons, acoustic-like
E and quasi-Lamb modes, optic-like E and quasi-Lamb
modes, and vibrations of terminating atoms, respectively.
An analysis shows that in going from bulk CdSe to the
thinnest of nanoplatelets, the number of modes in the
0–70 and 160–260 cm−1 regions systematically decreases,
whereas the number of phonon modes in the 70–160 cm−1
region increases by more than 1.5 times. One can see,
however, that the changes in the phonon DOS are in-
5FIG. 6. Gru¨neisen parameter of different modes in F-
terminated CdSe nanoplatelet with a thickness of 3 ML as
a function of wave vector.
sufficient to explain the strong increase in the negative
in-plane CTE in nanoplatelets.
Calculations of the Gru¨neisen parameters γj =
−d lnωj/d ln a (a is the in-plane lattice parameter of the
nanoplatelet) find a large number of modes with nega-
tive γ (Fig. 6). In contrast to bulk CdSe, in which the
only mode that has a negative γ is the TA mode (see
Fig. S1 in the Appendix), in nanoplatelets, in addition to
ZA and TA acoustic modes, there are n optical E modes
(n is the thickness of the nanoplatelet) and two surface
E modes which have a negative γ. All quasi-Lamb modes
(A1 and B2) as well as the highest-energy vibrational
mode of terminating halogen atoms have γ > 0. As was
shown in Ref. 37, the low-frequency optical E modes arise
from the folding of TA phonon mode which is responsi-
ble for a negative thermal expansion in bulk CdSe. From
Fig. 6 it is seen that a region with a large negative γ for
the ZA mode spans over a small part of the Brillouin zone
near the Γ point, and so its contribution to the negative
CTE is limited. In contrast, the region of smaller nega-
tive γ for TA, E, and surface modes is located near the
∆ axis and spans over a larger volume of k space. That
is why its contribution to the negative thermal expansion
may be comparable with that of the ZA mode, especially
if one takes into account that the number of the optical
modes with negative γ exceeds the number of acoustic
modes.
When the terminating F atoms are replaced by Cl and
then by Br, the phonon DOS remains nearly unchanged
(see Fig. S2 in the Appendix), but the magnitudes of
both positive and negative values of γ decrease. The
averaged γ value in the frequency range above 160 cm−1
decreases strongly. These changes explain the evolution
of the CTE curves on Fig. 4 when increasing the mass of
the terminating atom.
A comparison of the Gru¨neisen parameters for modes
in F-terminated nanoplatelets with different thickness
shows that, when increasing thickness, the magnitude
TABLE I. Elastic compliance moduli of F-terminated CdSe
nanoplatelets and bulk material (in 10−2 GPa−1).
Parameter 2 ML 3 ML 4 ML 5 ML 6 ML bulk
S11 5.477 4.707 4.395 4.218 4.105 3.607
S12 −4.101 −3.057 −2.618 −2.372 −2.209 −1.524
S66 3.653 3.743 3.799 3.832 3.856 4.017
of the negative γ values in two low-frequency regions
of modes decreases strongly, whereas the γ values for
modes associated with vibrations of terminating F atoms
increase monotonically. From Eq. (5) it follows that, at a
given temperature, the CTE value is approximately pro-
portional to the averaged γ value of all modes with an
energy of h¯ω <∼ 3kT . This explains all the systematic
changes in the CTE curves observed in Fig. 4. A wider
temperature range in which the negative thermal expan-
sion is observed in CdSe nanoplatelets as compared to
bulk CdSe (compare Figs. 2 and 4) is explained by the
fact that the energy of TA phonon in bulk CdSe does not
exceed 59 cm−1, whereas in the nanoplatelets the ener-
gies of modes with negative γ reach ∼140 cm−1 (Fig. 3).
It is interesting that, in thick nanoplatelets, the CTE
values at high temperatures quickly reach the values for
bulk cubic CdSe. In our opinion, the reason for this is
that the mechanical structure of nanoplatelets is not as
rigid as the bulk cubic structure. The calculations (Ta-
ble I) show that three components of the elastic com-
pliance tensor Sµν for nanoplatelets change slowly with
increasing their thickness and tend towards the values for
the cubic phase. However, for 3D and quasi-2D systems
the coefficient A0 that enters Eq. (5) should be differ-
ent: it is S11 + 2S12 for cubic crystals and S11 + S12 for
nanoplatelets. This difference is a consequence of the fact
that one cannot control the thickness of the quasi-2D sys-
tem when applying the in-plane strain. Using the data
from Table I, one can show that in nanoplatelets the co-
efficient A0 is indeed larger than in the bulk crystal and
it increases with increasing the nanoplatelet thickness.
Another interesting effect is the negative CTE ob-
served in the 2 ML nanoplatelet in the whole temperature
range. Formally, according to Eq. (5), at high temper-
ature this situation is possible if the sum of Gru¨neisen
parameters over all branches and wave vectors is nega-
tive. Direct calculations show that this is the case. The
physical explanation of this effect is simple: the out-of-
plane thermal motion of very thin nanoplatelets results
in shrinking of the nanoplatelets in the basal plane.
First-principles calculations of the negative thermal ex-
pansion in monolayer graphene,14–17 h-BN,15 transition
metal dichalcogenides,15,19 and blue and black phospho-
rene21,22 have shown that it is mainly determined by
the ZA-phonon—a flexural mode, which has a negative
γ value and in which atoms move normal to the mono-
layer. In monolayer graphene, there exists an additional
optical ZO mode with a small negative γ (γ > −1),38
6but the frequency of this mode is ∼900 cm−1 and so
its contribution to the CTE can be seen well above the
room temperature. In bilayer and multilayer graphene,
there appears a new optical ZO′ mode, in which the out-
of-plane atomic displacements are in phase in the same
layer and out of phase in adjacent layers. This mode has
a negative γ (γ > −7).38 A similar mode with a nega-
tive γ is typical of graphite.14 In black phosphorene, the
ZO mode with a frequency of ∼130 cm−1 is also char-
acterized by a negative γ.22 We note that all the above-
mentioned optical modes in monolayers are polarized nor-
mal to the nanoplatelet. In MoTe2 and WTe2, in which
the monolayer consists of three atomic layers, in addition
to the ZA mode with a negative γ there appear acoustic
LA and TA modes with an in-plane polarization, which
also have small negative γ values (γ > −1.4).19 The TA
and LA modes with a negative γ were also observed in
monolayers of silicene, germanene,21 and blue and black
phosphorene.22
An analysis of Fig. 6 finds a large contribution of the
ZA and TA acoustic modes to the negative thermal ex-
pansion in CdSe nanoplatelets. However, the most inter-
esting result is that the negative γ is also characteristic
of the in-plane optical and surface modes of E symmetry.
It looks like this is a first observation of negative γ for
optical modes with in-plane polarization in quasi-2D sys-
tems. This result is not much surprising if one recalls that
these optical modes originate from the folding of the TA
phonon mode of bulk CdSe with a negative γ. The origin
of such a behavior results from the zinc-blende structure
of our nanoplatelets. For an unstrained nanoplatelet, the
restoring force for acoustic-like optical phonons with the
[110] polarization is produced by bending of Cd–Se chem-
ical bonds. However, when the nanoplatelet is stretched,
the strained chemical bonds produce increased restor-
ing forces that increase the vibrational frequencies. In
our opinion, this effect can be observed in other quasi-
2D multilayer systems with strong enough interaction
between the layers. Indeed, our calculations for twelve
quasi-2D systems (see the Appendix) find a negative γ
for in-plane optical modes in two-layer graphene, silicene,
germanene, blue and black phosphorene, SiC, BN, SnS,
and TiO2.
The calculated CTE values for CdSe nanoplatelets en-
able one to estimate the contribution of the thermal ex-
pansion to the temperature dependence of their forbid-
den band gap Eg. Calculations show that the change in
the band gap upon the biaxial stretching is dEg/duxx =
4.06 eV for 3 ML nanoplatelet and 3.09 eV for 5 ML
one. Thus, the contribution of the thermal expansion
to the temperature dependence dEg/dT does not exceed
+1.2 · 10−5 eV/K at 300 K. This means that the large
negative dEg/dT values observed in CdSe nanoparticles
result from the electron-phonon interaction.
In Refs. 39 and 40 it was suggested that materials that
exhibit negative thermal expansion can also demonstrate
pressure-induced softening, i.e., negative B′ = dB0/dP
values, where B0 is the bulk modulus. Although quasi-
two-dimensional CdSe nanoplatelets studied in this work
are not bulk materials, they exhibit a negative thermal
expansion and so it was interesting to check whether they
will exhibit a pressure-induced softening. The calcula-
tions showed (see the Appendix) that d(C11 +C12)/dσxx
is positive in CdSe nanoplatelets and therefore they do
not exhibit a pressure-induced softening. The absence
of this effect is probably due to the structure of the
nanoplatelets, in which tetrahedra are tightly linked to-
gether. This structure has no intermediate chains or
other elements that appear in zeolites and Zn(CN)2, in
which the pressure-induced softening occurs.
VI. CONCLUSIONS
In this work, the in-plane coefficient of thermal expan-
sion of CdSe nanoplatelets with the zinc-blende structure
containing from two to five monolayers is calculated from
first principles within the quasiharmonic approximation.
Like in other quasi-2D systems, the negative thermal ex-
pansion in CdSe nanoplatelets is more pronounced and
is observed in a wider temperature range as compared to
bulk CdSe. One of the origins of the negative thermal
expansion is the flexural acoustic (ZA) mode, which is
a common feature of all quasi-2D systems. However, in
contrast to all earlier studied quasi-2D systems, in CdSe
nanoplatelets there is another valuable contribution to
the negative thermal expansion resulting from acoustic-
like optical E phonons and surface E modes. It is shown
that optical modes with the in-plane polarization and
negative Gru¨neisen parameter are also characteristic of
most of two-layer quasi-2D systems.
The obtained results are quite expected. The acoustic-
like optical modes originate from the folding of the
TA mode of bulk CdSe when constructing a multi-
layer nanoplatelet. As this TA mode has a negative
Gru¨neisen parameter at all q, it is not surprising that
in nanoplatelets both TA and acoustic-like optical modes
also have a negative Gru¨neisen parameter. The only dif-
ference between the acoustic-like and TA modes is that
in the TA mode the atomic displacements are in-phase
in all layers of the nanostructure, whereas in the opti-
cal modes there are phase shifts between these displace-
ments. These modes have comparable frequencies and
Gru¨neisen parameters and so their contribution to the
thermal expansion should be comparable. The contribu-
tion of the flexural ZA mode decreases with increasing
thickness of the nanoplatelet because thick nanoplatelets
are less prone to buckling. These simple reasonings ex-
plain how the evolution of the phonon spectra when going
from 2D to 3D systems influences the thermal expansion.
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7Appendix A
An analysis of the results obtained in the main paper
has found a large contribution of the ZA and TA acous-
tic modes to the negative thermal expansion in CdSe
nanoplatelets. In addition, it was revealed that the nega-
tive Gru¨neisen parameters γ are also characteristic of in-
plane optical and surface modes of the E symmetry. This
result seems not much surprising if one reminds that in
going from the bulk crystal to nanoplatelets, the E modes
originate from the folding of the TA phonon mode of bulk
CdSe (this branch is characterized by a negative γ, see
Fig. S1). The appearance of negative γ is associated with
the zinc-blende structure of CdSe nanoplatelets. For an
unstrained nanoplatelet, restoring forces for acoustic-like
optical phonons with the [110] displacement pattern are
produced by bending of the Cd–Se chemical bonds. How-
ever, when the nanoplatelet is stretched, the strained
chemical bonds produce increased restoring forces that
increase the vibrational frequencies. In the main paper
it was supposed that similar in-plane optical modes with
a negative γ may occur in other quasi-2D systems which
have more than one monolayer and in which there is a
strong interaction between the monolayers.
To check this supposition, we performed calculations
of phonon frequencies at the Γ point of the Brillouin zone
for twelve strained two-layer quasi-2D systems and cal-
culated the corresponding Gru¨neisen parameters. The
symmetry of all modes with negative γ and their fre-
quencies are given in Table S1. Additional parameters
added to the Table are the buckling parameter for a sin-
gle monolayer and the adhesion energy. For monolayers
which contain two levels of atoms and are highly cor-
rugated, the buckling parameter is taken as a distance
between two metal layers. The adhesion energy is taken
as a difference between the total energy of the two-layer
nanoplatelet configuration with the lowest energy and the
total energy of two non-interacting monolayers divided
by the contact area.
FIG. S1. Gru¨neisen parameter for modes in bulk cubic CdSe.
The calculations reveal that the negative γ values are
characteristic of the optical modes with the in-plane po-
larization in nearly all quasi-2D systems containing sev-
eral monolayers (Table S1). In graphene, in addition
to the E mode at the Γ point (γ = −0.43), there are
two modes at the M point with the in-plane polariza-
tion and negative γ. The E modes with negative γ
are observed at the Γ point in two-layer boron nitride
(γ = −1.64), silicon carbide (γ = −3.99), blue phospho-
rene (γ = −2.07), silicene (γ = −9.65), and germanene
(γ = −1.24). The modes with the in-plane polarization
and negative γ are also observed at high-symmetry points
of the Brillouin zone in all above-mentioned nanostruc-
tures. In black phosphorene and SnS, which have highly
corrugated structures, all modes exhibit negative γ at the
Γ point (this means that at least one diagonal component
of the Gru¨neisen tensor is negative). In TiO2, there are
four in-plane optical modes with γ = −(0.89–2.22). It is
interesting that in GaS and GaSe monolayers, which con-
tain two layers of Ga atoms bonded by the metal–metal
bond, the Gru¨neisen parameter for the Eg mode is very
small (|γ| < 0.02). This means that the frequency of this
mode do not depend on the stretching of monolayers.
We conclude that the negative γ for optical modes with
the in-plane polarization is very typical of quasi-2D sys-
tems containing several monolayers.
The buckling parameter and the adhesion energy pre-
sented in Table S1 are parameters that may characterize
the strength of the interlayer interaction. Nonzero buck-
ling parameter can be regarded as a measure of contri-
bution of hybrids like sp3 to the chemical bonding: the
larger is this parameter, the stronger is the interlayer
interaction. However, this applies only to graphene, sil-
icene, germanene, BN, SiC, and CdSe, in which the to-
tal number of electrons in the outer shells of a pair of
atoms is 8. In phosphorene and SnS, in which the num-
ber of outer electrons is 10, the chemical bonding is based
on p orbitals, and the structure of the monolayer is al-
ways highly corrugated. In TiO2, in which the bonding is
highly ionic, the structure consists of edge-sharing TiO6
octahedra. The adhesion energy can be regarded as a
quantitative measure of the interlayer interaction.
An analysis of the data presented in Table S1 does
not find a clear correlation between the number of
modes with negative γ and a degree of corrugation of
nanoplatelets. Even two-layer graphene and BN bonded
with the weakest van der Waals forces demonstrate
the appearance of the in-plane modes with a negative
Gru¨neisen parameter. The only exception are GaS and
GaSe, in which the interlayer bonding has a metal–metal
character.
Appendix B
As the calculations of the physical properties of quasi-
two-dimensional nanoplatelets are performed on 3D su-
percells containing a vacuum gap, we need to justify
8TABLE S1. Optical in-plane modes with negative γ at the Γ point in two-layer nanoplatelets of different compounds. The
values in parentheses are the mode frequencies in cm−1.
Compound Space Buckling Adhesion energy Modes with negative γ
group parameter (A˚) (meV/A˚2) and their frequencies
Graphene P 3¯m1 0.0 9.4 Eg(27), A1g(888), A2u(891)
BN P3m1 0.0 21.7 E(37), A1(81), A1(808), A1(815)
SiC P 3¯m1 0.0 61.6 Eg(249), A1g(276), A1g(575), A2u(591)
Silicene P 3¯m1 0.39 57.8 Eg(34)
Germanenea P 3¯m1 0.63 46.0 Eg(24), A1g(104), A1g(188), Eg(281)
blue P P 3¯m1 1.25 9.1 Eg(39), A1g(50)
black P Pbcm 2.15 21.3 all modes
CdSe (3 ML) P 4¯m2 — — E(25), E(36), E(39), E(103), E(210)
SnS P21/m 2.89 28.8 all modes
TiO2 (1 ML)
b Pmmn 2.20 — B3g(102), B1u(218), B3u(222), B1g(233)
GaS (1 ML) P 6¯m2 2.45 — —
GaSe (1 ML) P 6¯m2 2.44 — —
aAll frequency–strain curves for germanene are strongly nonlinear.
bThe lepidocrocite structure. The buckling parameter is taken as a distance between two planes filled by Ti atoms.
which of the obtained parameters are proper, i.e. in-
dependent of the thickness of this gap.
Both pressures, the stress in the unit cell and dFvib/da,
are effective parameters: they are normalized by the
c lattice parameter of the supercell, which includes a vac-
uum gap. However, because they use the same c param-
eter, the temperature-induced strain and its derivative
with respect to temperature (the CTE coefficients) are
correct. On the other hand, the elastic constants are ef-
fective values because they are calculated as the ratio of
the effective stress to the exact strain. To correctly char-
acterize the elastic properties of nanostructures, we need
to calculate them for the whole nanostructure, by multi-
plying the values obtained from the supercell calculation
by the c lattice parameter. The obtained elastic prop-
erties, however, are proportional to the thickness of the
nanoplatelet and cannot be compared with the parame-
ters of the bulk material.
In order to get the results, which can be compared
with those of bulk material, we can estimate the elastic
properties of nanostructures in the limit of zero vacuum
gap, by using the actual thickness of the nanostructure
corrected for a typical interatomic distance instead of
the c lattice parameter of the supercell. For example,
to calculate elastic properties of CdSe nanoplatelet with
a thickness of n ML, we take its actual thickness (the
distance d between the terminating atoms), add to it the
mean distance between layers, which is equal to d/2n,
and use this sum instead of the c parameter. The results
given in Table I of the main paper were calculated using
this method.
TABLE S2. In-plane elastic modulus (C11 + C22) as a func-
tion of the in-plane stress σxx for CdSe 3ML nanoplatelet
terminated with F atoms. All parameters are in GPa.
σxx −0.1847 −0.0950 0.0000 0.0978 0.2010
C11 + C22 18.191 18.708 19.260 19.773 20.304
Appendix C
The pressure dependence of the in-plane elastic mod-
ulus (an analogue of the bulk modulus B in 3D systems)
for a typical CdSe nanoplatelet is given in Table S2.
The differentiation of this dependence gives a dimen-
sionless parameter d(C11 + C22)/dσxx (an analogue of
B′ = dB0/dP ) equal to 5.5. The positive value of this
parameter is typical of most solids and shows that the
pressure-induced softening effect (see the main text) is
absent in CdSe nanoplatelets.
Appendix D
The influence of different terminating atoms on the
phonon frequencies at the Γ point and on the phonon
density of states for CdSe nanoplatelet with a thickness
of 3ML are presented in Fig. S2 and Table S3.
9TABLE S3. Frequencies of optical modes at the Γ point in 3ML CdSe nanoplatelet terminated with F, Cl, and Br atoms.
Mode Frequency (cm−1) Descriptionb
symmetry F Cl Br
E 25 26 24 acoustic-like
E 37 40 34 acoustic-like
E 40 43 44 acoustic-like
A1 53 50 45 s0 quasi-Lamb mode
B2 100 95 86 a1 quasi-Lamb mode
E 104 52 39 surface modea
A1 137 132 124 s1 quasi-Lamb mode
E 185 183 167 optic-like, becomes a surface mode for Br
E 193 190 184 optic-likea
B2 196 190 166 a2 quasi-Lamb mode
E 210 197 191 optic-like, a surface mode for Fa
A1 211 202 174 s2 quasi-Lamb mode
B2 221 214 199 a3 quasi-Lamb mode
a
B2 228 223 213 a4 z-polarized surface mode for F
A1 234 226 210 s3 z-polarized surface mode
E 346 242 195 surface mode for F and Cla
a The eigenvector exhibits a strong change for Br termination.
b For notation of quasi-Lamb modes see Phys. Rev. B 96, 184306 (2017).
FIG. S2. Normalized phonon DOS for 3ML CdSe
nanoplatelets terminated with F, Cl, and Br. A strong varia-
tion in the position the high-energy surface mode results from
a strong increase in the mass of terminating atom (see also
Table S3).
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